We have shown recently that the azathioprine metabolite 6-Thio-GTP causes immunosuppression by blockade of GTPase activation in T lymphocytes. In the present study, we describe a new molecular mechanism by which 6-Thio-GTP blocks GTPase activation. Although 6-Thio-GTP could bind to various small GTPases, it specifically blocked activation of Rac1 and Rac2 but not of closely related Rho family members such as Cdc42 and RhoA in primary T cells upon stimulation with αCD28 or fibronectin. Binding of 6-Thio-GTP to Rac1 did not suppress Rac effector coupling directly but blocked Vav1 exchange activity upon 6-Thio-GTP hydrolysis, suggesting that 6-Thio-GTP loading leads to accumulation of 6-Thio-GDP-loaded, inactive Rac proteins over time by inhibiting Vav activity. In the absence of apoptosis, blockade of Vav-mediated Rac1 activation led to a blockade of ezrin-radixin-moesin dephosphorylation in primary T cells and suppression of T cell-APC conjugation. Azathioprine-generated 6-Thio-GTP thus prevents the development of an effective immune response via blockade of Vav activity on Rac proteins. These findings provide novel insights into the immunosuppressive effects of azathioprine and suggest that antagonists of the Vav-Rac signaling pathway may be useful for suppression of T cell-dependent pathogenic immune responses.
Azathioprine and 6-MP are in clinical use over more than four decades (11) , but their precise mechanism of action has been enigmatic. Although inhibition of purine nucleotide biosynthesis based on random incorporation of 6-thioguanine (6-TG) nucleotides into DNA has been suggested as therapeutic mechanism (5), a general inhibition of nucleic acid synthesis is not sufficient to explain the specific effects of the thiopurines on the immune system (1, 12) . Furthermore, azathioprine and 6-MP have been recently shown to require very high dosages to suppress proliferation of primary T cells in vitro (13) that are outside of clinically relevant dosages in IBD patients (14) . Taken together, these data make it very unlikely that the classical model of azathioprine action based on random incorporation of 6-TG nucleotides is in fact operative in vivo. Recently, we have shown that the activation of the small GTPase Rac1 upon CD28 costimulation is the molecular target of azathioprine and 6-MP in primary CD4 + T lymphocytes (15) . Specifically, it was found that blockade of Rac1 activation was mediated via binding of azathioprine-generated 6-Thio-GTP to Rac1 instead of GTP. Consecutively, blockade of Rac1 target genes such as MEK, NF-κ B, and Bcl-x L caused a mitochondrial pathway of T cell apoptosis. The clinical relevance of these findings was underscored by the observation that azathioprine-induced immunosup-pression correlated with the presence of apoptotic T cells in the lamina propria of IBD patients, whereas patients refractory to azathioprine therapy showed no such T cell apoptosis (15) .
The finding that a small GTPase of the Rho family is a molecular target of azathioprinegenerated 6-Thio-GTP opens the possibility that this metabolite specifically controls Rho signaling pathways in T lymphocytes. Guanine nucleotide binding proteins of the Rho family such as Cdc42, Rac1, Rac2, and RhoA rapidly cycle between a GDP-bound and GTP-bound state and operate as binary switches that control cell activation in response to environmental stimuli (16) . The GTP-bound state of Rho GTPases is generally considered as the active conformation that allows their interaction with downstream effector proteins, and thereby initiates signaling pathways, which regulate biologic responses (17) . Functionally, proteins of the Rho family have been shown to play a major role in T cell development, differentiation, cytokine production, apoptosis, and proliferation (18) (19) (20) . Whereas RhoA is critical for pre-T cell differentiation and proliferation (17, 21) , Cdc42 regulates T cell polarization toward APCs via filopodia and controls chemokine-induced lymphocyte migration (22) . Furthermore, Rac1 and Rac2 proteins have been shown to modulate T cell differentiation and cytokine production (18, 19) . In fact, dominant-positive Rac mutations have been associated with increased cell proliferation and tumors, whereas functionally inactive Rac mutations are associated with immunodeficiencies and reduced T cell cytokine production (17, 18) .
Although 6-Thio-GTP has been shown to suppress Rac1 activation in T lymphocytes (15) , the molecular mechanism by which 6-Thio-GTP causes Rac1 blockade remained unknown. In the present study, we have identified the molecular mechanism by which 6-Thio-GTP blocks GTPase activation. Binding of 6-Thio-GTP to Rac1 did not suppress effector activation directly but blocked Vav exchange activity upon hydrolysis, suggesting that 6-Thio-GTP loading leads to accumulation of 6-Thio-GDP-loaded, inactive Rac proteins over time by inhibiting Vav guanosine exchange activity. At weak TCR signal intensity, blockade of Vav-mediated Rac1 activation led to a blockade of ezrin-radixin-moe-sin (ERM) dephosphorylation in primary T cells and suppression of T cell-APC conjugation. Azathioprine-generated 6-Thio-GTP thus prevents T cell-APC conjugation and the subsequent development of an effective immune response via blockade of Vav activity on Rac proteins.
Materials and Methods

Isolation of primary CD4 + T lymphocytes
Human PBMC from healthy volunteers (age, 25-42 years) were isolated using Ficoll-Hypaque gradients. PBMC were further purified using CD4 mAbs attached to immunomagnetic beads according to the protocol provided by the manufacturer followed by treatment with Detachabead (obtained from Dynal Biotech). Reanalysis of sorted populations revealed a purity of >96%.
T cell culture
Because primary T cells will die when left unstimulated for several days, we performed T cell stimulation as follows: T lymphocytes were stimulated in complete RPMI 1640 medium (15, 23) for 2-5 days with coated Abs to CD3 (BD Pharmingen; HIT3a) and soluble CD28 Abs (BD Pharm-ingen; 1 μg/ml) plus IL-2 (R&D Systems; 40 U/ml). Anti-CD3 concentrations varied between 0.04 μg/ml (high TCR signal intensity) and 0.001 μg/ml (low TCR signal intensity). Azathioprine, 6-MP, and 6-TG (Sigma-Aldrich) or 6-Thio-GTP (JenaBioscience) were added to the T cell cultures at indicated time points at a final concentration of 5 μM. This concentration of azathioprine has been previously shown to result in intracellular 6-TG levels that are comparable to those reported in leukocytes of patients with Crohn's disease receiving long-term azathioprine or 6-MP treatment (14, 15) . To determine the influence of IFN-γ , IL-2, and IL-4 on Rac1 activation in our experimental system, neutralizing Abs against IFN-γ (Acris; 2.5 μg/ml), IL-2 (Acris; 1 μg/ml), or IL-4 (Acris; 0.1 μg/ml) were added to the cell culture.
For fibronectin-mediated stimulation, human CD4 + T cells were isolated and treated with 6-Thio-GTP (JenaBioscience) and IL-2 (40 U/ml) for 3 days, as described in the previous paragraph. On day 3, T cells were stimulated with coated fibronectin (10 μg/ml; Sigma-Aldrich) for 40 min.
T cell proliferation
Proliferation was determined in 200 μl of culture medium containing primary human CD4 + T cells. Cells were stimulated with IL-2, anti-CD3, and anti-CD28 Abs and treated with azathioprine (5 μM) or left untreated. Cells were pulsed with [ 3 H]thymidine (0.25 μCi/well) before analysis of thymidine incorporation by scintillation counting.
FACS analysis
FACS analysis (FACScan; BD Biosciences) was performed using FITC-labeled murine Abs to human CD4 (BD Pharmingen) and anti-mouse IgG1 isotype control Abs (BD Pharmingen). Apoptotic cells were detected by staining with annexin V and propidium iodide using the Annexin V FITC Apoptosis Detection Kit I (BD Pharmingen) (15, 23) .
ELISA analysis
To measure cytokine production, human CD4 + T lymphocytes were isolated from peripheral blood and stimulated with Abs against CD3 and CD28 plus IL-2 in the presence or absence of 6-MP. After 3 days, culture supernatants were removed and assayed for cytokine concentration. Cytokine concentrations were determined by ELISA. ELISA was performed using the PeliKine-compact ELISA kit for IL-4 and the BD OptEIA kit for IFN-γ according to the manufacturer's protocols.
Western blots
Cellular proteins were isolated as previously described (15) . Western blots were made using specific anti-Rac1, anti-Rac2, anti-Cdc42, anti-Ras, and anti-RhoA Abs (Santa Cruz Biotechnology; 1/1000 dilution), anti-actin Ab (Biocarta), anti-Vav Ab (BD Transduction Laboratories), HRP-linked anti-mouse Ig (DakoCytomation; 1/1000 dilution), HRP-linked anti-rabbit Ig (DakoCytomation; 1/1000 dilution), and the ECL Western blotting analysis system (PerkinElmer).
Densitometric analysis of blots
Western blots were scanned and densitometry was performed using the ChemiImager 5500 software (Alpha Innotech) as previously described (24) .
Analysis of 6-Thio-GTP binding to GTPases
To analyze the capacity of 6-Thio-GTP to bind to GTPases, chemically synthesized 6-Thio-GTP (obtained from JenaBioscience) was used. Recombinant GST-proteins were incubated with 5 μM radiolabeled GTP (0.5 μCi [ 3 H]GTP, obtained from Amersham Biosciences) and increasing amounts of 6-Thio-GTP (20, 100, or 500 μM). Incubation was performed for 10 min at 30°C in 100 μl of buffer C containing 50 mM Tris (pH 7.5), 12.5 mM MgCl 2 , and 750 mM NaCl (Sigma-Aldrich) in the presence of 10 mM EDTA (Sigma-Aldrich). After incubation, 10 mM MgCl 2 was added and the probes were put on ice. After addition of 900 μl of ice cold buffer C, the probes were pushed trough filter-membranes (glass microfiber filters GF/C circles 25 mm; obtained from Whatman) and washed with 40 ml of buffer C. Finally, scintillation counting was performed.
Rac, Ras, Cdc42, Rap, and RhoA activation assays Levels of Rac1-, Rac2-, Cdc42-, RhoA-, Rap-, and Ras-bound GTP were determined by established immunoblot techniques (Upstate Biotechnology) (15, 25) . In brief, T cells were stimulated for indicated periods of time in the presence or absence of azathioprine, 6-MP, or 6-TG. According to the Upstate Biotechnology kit protocols, cell lysates were incubated with 10 μg/ml p21-activated kinase (PAK)-1 agarose (Rac/Cdc42 assays), 10 μg/mg Raf RBD agarose (Ras assay), 40 μg/ml Ral GDS-RBD (Rap assay), or 50 μg/ml Rhotekin RBD-agarose (Rho assay) for 60 min (Rac/ Cdc42/Rap assays), 45 min (Rho assay), or 30 min (Ras assays) at 4°C. Agarose beads were collected by centrifugation followed by denaturation, boiling of the samples, and SDS-PAGE analysis. Proteins were transferred to nitrocellulose membranes and incubated with 1 μg/ml murine anti-human Rac1, Rac2, RhoA, Cdc42, Rap, or anti-human Ras (clone Ras10) Abs overnight at 4°C, followed by detection with goat anti-mouse HRPconjugated IgG (1/1000 dilution) and the ECL detection system.
Immunofluorescence staining
Freshly isolated CD4 + T cells were plated on poly-D-lysin (0.1 mg/ml; obtained from SigmaAldrich) and CD3-coated chamber-slides (Nunc), and stimulation was performed as described above (23, 24) . The medium was removed after 5 days of incubation, and the cells were fixed with 4% PFA for 15 min at room temperature. Upon washing in PBS/0.1% Tween 20 samples were treated with 3% BSA in 1× PBS/0.1% Tween 20 for 30 min at room temperature. Upon removal of the BSA solution, cells were incubated with Abs against Rac1, RhoA, Cdc42, Ras (Santa Cruz Biotechnology; 1/200 dilution), and Vav (BD Transduction Laboratories; 1/200 dilution) for 2 h at room temperature. Secondary Abs used were Cy (3)-conjugated affinity pure goat anti-mouse or Cy (3)-conjugated affinity pure goat anti-rabbit (1/200 dilution for 1 h, obtained from Jackson ImmunoResearch Laboratories). Before examination, the nuclei were counterstained with Hoechst 3342 (Molecular Probes).
Analysis of filopodia and lamellipodia
Chamber slides were coated with fibronectin (10 μg/ml) and incubated for 30 min at 37°C. CD4 + T cells cultured for 4 days in the presence or absence of azathioprine were harvested and centrifuged, and the pellet was resuspended in RPMI 1640 (Cambrex) stimulation-medium containing CD28 (Acris; 1 μg/ml) and CD3 (BD Pharmingen; HIT3a 0.04 μg/ml) Abs, PMA (50 ng/ml) and PHA (50 ng/ml). The cell solution was plated on the fibronectin-coated chamber slides and then incubated for 45 min at 37°C. Cells were fixed in 4% PFA (15 min, room temperature), washed in PBS, and treated with 3% BSA in PBS/0.1% Tween 20 for 30 min at room temperature. After washing in PBS and 0.1% Triton X-100 (Sigma-Aldrich) for 20 min. Texas Red-X-phalloidin (20 min, room temperature) was used for F-actin staining, while Hoechst 33342 (1/10,000 dilution for 5 min) was used for nuclear counterstaining. Quantification of the number of lamellipodia was performed on 10-15 high-power fields per conditions at ×400.
Transient transfection assays
Transformation of the Vav expression plasmid (obtained from X. Bustelo, Centro de Investigación del Cancer, University of Salamanca-Spanish Council for Scientific Research, Salamanca, Spain) was performed with Solo-Pack Gold Competent cells (Stratagene) and plasmid preparation was performed with the Qiagen Plasmid Maxi Prep kit (Qiagen) according to the manufacturer's protocol. The transient transfection of the Vav plasmid was performed with the human T cell Nucleofector kit (Amaxa Biosystems) according to the manufacturer's protocol for unstimulated human T cells. A total of 2-7 × 10 6 CD4 + T cells isolated with Dynal beads (Dynal Biotech) from buffy coats was transfected with the Vav vector or an empty control vector (pRC_EF1a). Four hours after transfection, the cells were stimulated with rIL-2 (R&D Systems; 40 U/ml) and anti-CD3/28 Abs in the presence or absence of 6-MP (5, 10, or 50 μM) or 6-Thio-GTP (5, 10, or 50 μM). Cells were lysed after 3 days of incubation followed by a pull-down of Rac using PAK-1 PBD agarose (Rac activation assay kit; Upstate Biotechnology).
Immunoprecipitation
CD4 + T cells were lysed on ice in RIPA buffer (10 mM Tris (pH 8.0), 140 mM NaCl; obtained from Carl Roth), 1% Triton X-100, 1% desoxycholat and 0.1% SDS (Sigma-Aldrich) for 10 min. Cleared substrates were normalized for protein content using the Bio-Rad protein assay (Bio-Rad). Proteins were immunoprecipitated with protein A/G plus agarose (Santa Cruz Biotechnology) coupled with Abs against Rac1, Cdc42, Rho A, or Vav (Santa Cruz Biotechnology) at 4°C overnight. Immunoprecipitates were washed two times in RIPA buffer, boiled for 5 min, subjected to SDS-PAGE, and transferred to nitrocellulose membranes. The membranes were blocked 1 h at room temperature in PBS-Tween 20 containing 5% nonfat dry-milk (AppliChem). Membranes were incubated overnight at 4°C with a rabbit polyclonal Vav Ab (BD Transduction Laboratories; dilution 1/200) or with a rabbit phosphoVav Ab (Ref. 26 ; dilution 1/5000). An anti-rabbit HRP-labeled Ab was used as secondary Ab (dilution 1/1000). Proteins were visualized by ECL (PerkinElmer).
Analysis of phospho-ERM (pERM) levels
Isolated CD4 + T cells were stimulated with anti-CD3/CD28 Abs (BD Biosciences) plus IL-2 (Strathmann Biotec) and treated with 6-MP for 3 days. In contrast to long term culture of T cells in the presence of 6-MP, such short time stimulation in the presence of 6-MP did not result in T cell apoptosis (15) . At day 3, cells were restimulated for 1 min with 10 μg of anti-CD3 per milliliter and 1 μg of anti-CD28 per milliliter and were then fixed for 15 min at 4°C with 4% paraformaldehyde (Sigma-Aldrich). Fixed cells were washed twice in PBS before permeabilization with 0.1% Triton X-100 in PBS. One microliter of rabbit anti-pERM Ab (Cell Signaling Technology) was added per 1 × 10 5 cells in 100 μl of 0.1% Triton X-100 in PBS, and cells were incubated for 30 min on ice. After incubation, cells were washed twice in 0.1% Triton X-100 in PBS followed by addition of 4 μl of FITC-conjugated anti-rabbit Ig (DakoCytomation) for 30 min on ice. Finally, cells were washed three times in PBS and analyzed by flow cytometry.
Analysis of T cell-APC conjugates
Isolated CD4 + T cells were stimulated in the absence of APCs with anti-CD3/CD28 Abs plus IL-2 and treated with azathioprine or 6-MP for 3 days. At day 3, the primary T lymphocytes were stained with CellTracker green (Molecular Probes). Accordingly, cells were resuspended in 1 μM Cell-Tracker green in serum-free RPMI 1640 medium and incubation was performed for 30 min at 37°C. After a second incubation of the stained cells in fresh serum-free RPMI 1640 medium for 30 min at 37°C, cells were resuspended in RPMI 1640 medium plus 10% FCS. Furthermore, Raji B cells were stained with CellTracker orange (Molecular Probes) in the same way and incubated with 5 pg/ml superantigens (staphylococcal enterotoxin A (SEA), staphylococcal enterotoxin B (SEB)). Stained CD4 + T cells and Raji cells were mixed at a 1:1 ratio and stimulated with 5 pg/ml superan-tigens (SEA, SEB) plus 0.04 μg/ml anti-CD3 Abs and 1 μg/ml anti-CD28 Abs or with 5 pg/ml superantigens (SEA, SEB) alone. Formation of conjugates was analyzed by flow cytometry. The percentage of conjugates was determined as follows: (the number of CellTracker green + CellTracker orange + double-positive cells)/(total cell number) × 100.
Analysis of cell apoptosis by annexin V/propidium iodide staining
To determine induction of apoptosis in primary T lymphocytes, cells were stimulated and coincubated with 6-TG or 6-Thio-GTP (5 μM) followed by FACS analysis. In these experiments, apoptotic T cells were detected by staining with annexin V and propidium iodide using the Annexin V FITC Apoptosis Detection Kit I (BD Pharmingen) (15) . In brief, T cells were washed twice in PBS, and the pellet was resuspended in annexin V binding buffer (BD Pharmingen) at a concentration of 10 6 cells per milliliter. Annexin V FITC and propidium iodide were added (5 μl of each per 10 5 cells). Samples were gently mixed and incubated for 15 min at room temperature in the dark before FACS analysis.
Protein purification and GDP/GTP exchange assays using Vav
The hexahistidine-tagged Vav3 (Δ1-144) protein or Vav1 was purified from Spopdoptera frungiperda Sf9 cells upon infection with baculoviruses, as previously described (27) . GSTRac1 was purified from E. coli using affinity chromatography onto glutathione-coated beads (Amersham Biosciences; as indicated in Schuebel et al. (28)). Exchange reactions in the presence of [γ - 35 S]GTP were performed as previously described (26) . Loading of GST-Rac1 with GTP (Sigma-Aldrich) or 6-Thio-GTP was done as described by Movilla and Bustelo (27) .
Statistical analysis
Tests for significance of differences were made by Student's t test using the program StatWorks.
Results
Azathioprine-generated 6-Thio-GTP binds to a broad spectrum of small GTPases but specifically blocks Rac1 and Rac2 activation only
We have shown previously that azathioprine-generated 6-Thio-GTP binds to the small GTPase Rac1 and that such binding is followed by blockade of Rac1 activity (15) . In contrast, 6-Thio-GTP showed little or no binding to Ras and failed to suppress Ras activation, suggesting the possibility that the selective binding of 6-Thio-GTP to GTPases is sufficient to explain its specificity for Rac1 suppression (15) . To further explore this hypothesis, we tested the capacity of 6-Thio-GTP to bind to a broad spectrum of GTPases. Surprisingly, 6-Thio-GTP was able to bind to recombinant Rac1 under in vitro conditions as well as to several other Rho GTPases or GTPases from different families including Ran, Rab, RhoA, Cdc42, Rac2, and Rac3 (Fig.  1A) . Furthermore, we observed that 6-Thio-GTP-bound Rac1 was able to bind to PAK (Fig.  1B) , suggesting that the effector coupling of Rac1 is not directly inhibited by its binding to 6-Thio-GTP.
We next tested the capacity of azathioprine and 6-Thio-GTP to specifically suppress the activation of small GTPases of the Rho family in primary human CD4 + T lymphocytes. Accordingly, purified CD4 + T lymphocytes were stimulated with anti-CD3 plus anti-CD28 Abs for 3 days in the presence or absence of azathioprine and its metabolites (5 μM) followed by analysis of GTP-bound GTPases. As shown in Fig. 2, A and B, treatment with azathioprine and its metabolites 6-MP and 6-TG significantly suppressed the activity of Rac1 and the closely related GTPase Rac2. However, such treatment had little or no effects on basal activation of other Rho family members such as Cdc42 and RhoA, suggesting a marked specificity of azathioprine-generated 6-Thio-GTP to modulate activity of Rac proteins. These findings were not associated with changes in the expression levels of GTPases, as shown by immunofluorescence and Western blotting studies on primary CD4 + T lymphocytes (Fig. 2,  C and D) . Finally, we observed that chemically synthesized 6-Thio-GTP suppressed Rac1 and Rac2 activation to a similar extent as 6-MP (Fig. 2E) , whereas basal Cdc42 activation was virtually unaffected, Thus, although azathioprine-generated 6-Thio-GTP binds to a broad spectrum of GTPases, it specifically suppressed Rac1 and Rac2 activation upon CD28 costimulation. Furthermore, levels of the Rac-associated guanosine exchange factor (GEF) Vav-1 as well as levels of activated phospho-Vav-1 were increased upon azathioprine, 6-MP, and 6-TG treatment (Fig. 2, C, F , and G), potentially due to compensatory mechanisms to upregulate Rac activity.
In our experimental system with primary T cells, azathioprine and 6-MP required 3 days to suppress Rac activation upon CD28 costimulation in the presence of IL-2 (15). To determine whether the suppression of Rac1 activation induced by 6-MP depends on IL-2 or other proinflammatory cytokines secreted by T cells, we performed Rac1 activation assays in the presence of anti-cytokine Abs (Fig. 2H) . Interestingly, anti-IL-4, anti-IL-2, and anti-IFN-γ Abs had no effects on 6-MP-mediated suppression of Rac1 activation excluding the possibility that these cytokines control 6-MP-induced modulation of Rac1 activation in our experimental system. Finally, when using alternative stimulation pathways with fibronectin in our experimental system with primary T cells, we found that integrin engagement activated RhoA and Cdc42 (Fig. 2I ). 6-Thio-GTP had little effects on fibronectin-induced Rho-and Cdc42 activation (Fig. 2I) . However, azathioprine led to reduction of Rac1 activation upon integrin engagement (Fig. 2J) . Thus, azathioprine and its metabolites suppress Rac rather than RhoA or Cdc42 activation in primary T cells.
Azathioprine treatment blocks formation of lamellipodia in primary CD4 + T lymphocytes
Next, we wanted to determine the functional consequences of Rac blockade in primary T cells upon azathioprine treatment. In these studies, purified CD4 + T lymphocytes were stimulated with anti-CD3 plus anti-CD28 Abs for 3 days in the presence or absence of azathioprine and its metabolites 6-MP or 6-TG. Interestingly, analysis of filopodia formation using F-actin staining showed no changes upon azathioprine treatment (Fig. 3A) , suggesting that CD28-induced filopodia in primary T cells are controlled by other GTPases such as Cdc42 (29) rather than Rac proteins. As previous studies suggested that Rac proteins regulate cytoskeletal organization and lamellae in lymphocytes (30), we subsequently determined lamellipodia formation upon azathioprine treatment. It was found that CD28-dependent lamellipodia formation was suppressed by azathioprine treatment (Fig. 3B) . Similarly, treatment with 6-MP, 6-TG, or 6-Thio-GTP significantly inhibited such lamellipodia formation, suggesting that azathioprine-generated 6-Thio-GTP blocks Rac1 activation and, subsequently, Rac1-dependent lamellipodia formation in primary T cells.
As azathioprine suppressed Rac2 activation and Rac2 is known to control IFN-γ cytokine production by T cells (18), we next determined cytokine production by primary T cells upon 6-MP treatment. As shown in Fig. 3C, 6 -MP treatment significantly suppressed production of the Th1 cytokine IFN-γ by primary CD4 + T cells, whereas production of the Th2 cytokine IL-4 was increased. Taken together, these data suggested that 6-Thio-GTP-induced blockade of Rac GTPases leads to suppression of CD28-dependent lamellipodia formation and Th1 cytokine production.
Azathioprine and its metabolites block inactivation of ERM proteins and subsequent T cell-APC conjugation
In further studies on the functional consequences of 6-Thio-GTP-mediated blockade of Rac activation in T cells, we focused on ERM as well as Rap1 proteins that are involved in integrinmediated adhesion, cell spreading, and T cell activation (31-41). As shown in Fig. 4A , no Rap1 activation was noted in our experimental system. Therefore, in subsequent studies, we focused on the effects of azathioprine metabolites on ERM proteins and subsequent T cell-APC conjugation. As Rac1 has been recently shown to control rapid inactivation of ERM proteins in T cells after Ag recognition (42), we determined in an initial series of studies the capacity of azathioprine and its metabolites to modulate ERM phosphorylation. Accordingly, primary CD4 + T lymphocytes were stimulated with anti-CD3/CD28 Abs in the presence or absence of 6-MP for 3 days followed by analysis of pERM levels. Interestingly, CD28 costimulation suppressed pERM levels, whereas 6-MP treatment blocked down-regulation of pERM levels upon CD28 costimulation in primary T lymphocytes (Fig. 4B ), suggesting that 6-MP blocks Rac1-dependent pERM dephosphorylation.
As Rac1-dependent ERM inactivation is known to favor T cell-APC conjugation (42), we determined, in subsequent studies, the capacity of azathioprine, 6-MP, and 6-Thio-GTP to block T cell-APC conjugation. In these studies, labeled primary CD4 + T lymphocytes were allowed to interact with APCs pulsed with superantigens followed by analysis of T cell-APC conjugates by flow cytometry. Interestingly, azathioprine, 6-MP, and 6-Thio-GTP reduced the number of intercellular contacts between T cells and APCs (Fig. 4, C and D) , suggesting that azathioprine and its metabolites block inactivation of ERM proteins and subsequent T cell-APC conjugation. Finally, we observed that azathioprine-mediated down-regulation of T cell-APC conjugates occurs independently of apoptosis, as it was also observed after short-term culture of T cells at day 3 of cell culture where azathioprine treatment fails to induce T cell apoptosis (Fig. 4C) .
Azathioprine-generated 6-Thio-GTP causes a specific blockade of Vav guanosine exchange activity on Rac1 in primary T lymphocytes
As azathioprine blocks the Vav-Rac1 pathway controlling ERM phosphorylation and T cell-APC conjugation, we next studied the molecular mechanism of azathioprine-mediated blockade of the Vav-Rac1 pathway. Accordingly, we immunoprecipitated Rac1 and quantified the amount of coprecipitated Vav by Western blot analysis. Treatment of primary CD4 + T cells with azathioprine, 6-MP, and 6-TG led to reduced binding of Vav to Rac1, while these metabolites caused increased binding of Vav to RhoA ( Fig.5 A) in the presence of augmented Vav-1 and pVav levels upon such treatment (Fig. 2) . Consistent with this finding, transfection of a Vav expression vector led to partial reconstitution of Rac1 activity in T lymphocytes treated with physiological doses of 6-MP or 6-Thio-GTP (5 μM; Fig. 5, B and C) , suggesting that azathioprine-generated 6-Thio-GTP modulates binding of Vav to the Rac1 GTPase. However, a further increase of 6-MP or 6-Thio-GTP to unphysiologic doses (10 -50 μM) caused unchanged or even elevated Rac1 activation levels when Vav1 was overex-pressed (Fig. 5C) , possibly due to the generation of very high levels of 6-Thio-GTP-bound Rac1 with intact effector coupling and reduced levels of 6-Thio-GDP-bound Rac1.
To test directly the capacity of 6-Thio-GTP to block Vav guanosine exchange activity on Rac1, we coincubated recombinant Rac1, radiolabeled GTP, and recombinant Vav proteins in the presence or absence of 6-Thio-GTP followed by analysis of GTP incorporation. As shown in Fig. 6A, 6 -Thio-GTP inhibited Vav guanosine exchange activity on Rac1. Furthermore, Vav1 activity on hydrolyzed 6-Thio-GTP was strongly suppressed as compared with hydrolyzed GTP (Fig. 6B) , suggesting that azathioprine-generated 6-Thio-GDP blocks the guanosine exchange activity of Vav1 and, therefore, leads to an accumulation of inactive, 6-Thio-GDPloaded Rac1 molecules in T cells over time.
Taken together, these data suggested that azathioprine targets the guanosine exchange activity of Vav on Rac GTPases in primary T cells leading to blockade of Rac-dependent Th1 cytokine production as well as lamellipodia formation and T cell-APC conjugation.
Discussion
In the present study, we have identified a unique role for azathioprine and its metabolites in the control of T cell-APC conjugation by modulation of the Vav-Rac1 signaling pathway in T lymphocytes. Azathioprine suppressed activation of both Rac1 and Rac2 but had little effects on the activation of other small GTPases. Binding of azathioprine-generated 6-Thio-GTP to Rac1 led to spe-cific blockade of Vav guanosine exchange activity, suggesting that the guanosine exchange activity of Vav on Rac GTPases is the molecular target of azathioprine. Consecutive blockade of Vav-dependent Rac1 activation caused an inhibition of lamellipodia and T cell-APC conjugation. Importantly, these findings also occurred in the absence of T cell apoptosis. Thus, azathioprine specifically blocks Ag presentation and Ag-specific immune responses by targeting the Vav signaling pathway in T cells. These findings may explain the beneficial immunosuppressive effects of azathioprine and have important implications for the design of novel specific therapies for organ transplantation and autoimmune diseases based on suppression of the Vav-Rac signaling pathway.
The Vav family (Vav1-3) of three highly conserved Rho GEFs was initially shown to regulate signaling events downstream of the T and BCR (43) (44) (45) . In contrast to other Rho-GEFs, Vav proteins are activated via receptor-induced tyrosine phosphorylation allowing them to interact directly with several tyrosine kinases through Src homology 2 domain interactions (43, 46) . In this context, tyrosine phosphorylation relieves Vav autoinhibition by exposing the GTPase interaction surface of the Dbl homology domain, which is obligatory for Vav activation (47) . In T lymphocytes, Vav-1 is much more important than Vav-2, and its GEF activity regulates Rac proteins (48) thereby linking CD28 ligation to the activation of Rac1 (48) (49) (50) (51) . In the present manuscript, we demonstrate that the azathioprine metabolite 6-Thio-GTP directly blocks the GEF activity of Vav on Rac1 rather than the binding of Rac1 to its effector PAK. Immunoprecipitation studies showed that binding of Vav-1 to Rac1 is inhibited in the presence of 6-Thio-GTP, whereas binding of Vav-1 to RhoA was increased.Hydrolysis of Rac1-bound 6-Thio-GTP augmented the inhibition of Vav GEF activity, suggesting an inability of Vav to exchange 6-Thio-GDP when bound to Rac1 (Fig. 7) . This concept would suggest that clinical therapy with azathioprine results in an accumulation of 6-Thio-GDP-loaded inactive Rac proteins in T lymphocytes over time due to a functional inactivation of Vav GEF activity. Therefore, azathioprine therapy would require time to inhibit Rac activity indirectly via suppression of Vav guanosine exchange activity on Rac GTPases. Consistently, azathioprine exhibits a well-known delayed onset of therapeutic efficacy in autoimmune and chronic inflammatory diseases in humans (6,7).
The concept that the guanosine exchange activity of Vav on GTPases in primary T lymphocytes is the molecular target of azathioprine predicts similarities between the clinical phenotype of azathioprine-treated patients and findings in Vav-deficient animals. Indeed, whereas Vav-1-deficient mice displayed reduced T cell numbers with leukopenia and suppressed Ag-specific B cell responses (52-54), azathioprine-treated patients have been shown to exhibit leukopenia and reduced T cell-dependent B cell responses as well (6, 7, 55, 56) . Furthermore, azathioprinetreated patients are known to display reduced IFN-γ production (57), consistent with the observed down-regulation of Rac2 activation upon azathioprine treatment and the well known role of Rac2 in inducing IFN-γ production by T cells (18) . Thus, azathioprine suppresses production of the proinflammatory cytokine IFN-γ that is known to play a key role in the pathogenesis of IBD (58) (59) (60) . Interestingly, very recent experiments by Tanaka et al. (61) showed augmented IFN-γ and deficient IL-4 production in Vav-1-deficient T cells, while we find augmented IL-4 and reduced IFN-γ production in azathioprine-treated T cells. We believe that this difference could be due to the fact that azathioprine specifically blocks Vav activity on Rac proteins only but not overall Vav-1 activity. Therefore, other GTPases such as RhoA, that are regulated by Vav-1 remain functionally intact thereby explaining why azathioprinetreated T cells may not exhibit all features identical to Vav-1-deficient T cells. Interestingly, RhoA has been shown to regulate both IFN-γ and IL-4 production (62) raising the possibility that reduced IL-4 production in Vav-1-deficient T cells could be due to a defect of other GTPases than Rac1/2. Finally, Vav-1 deficiency causes a defect in lymphocyte development that may affect the capacity of T cells to produce certain cytokines.
Azathioprine and its metabolites suppressed dephosphorylation of ERM proteins that are critical for T cell activation in response to CD28 costimulation. Interestingly, Delon and coworkers (42) recently showed that inactivation of ERM proteins is mediated by the VavRac1 signaling pathway in T lymphocytes. Taken together, these data suggest that 6-Thio-GTP-mediated suppression of Vav GEF on Rac1 leads to blockade of ERM dephosphorylation. Subsequently, ERM proteins would be blocked in their ability to create flexible regions in the plasma membrane and lamellipodia that are essential for weak ligands to help TCR signal generation. Because we have shown recently that azathioprine induces a caspase-9-dependent pathway of T cell apoptosis when T cells are stimulated with high concentration of anti-CD3 plus anti-CD28 Abs (15) , it was important to determine whether blockade of ERM dephosphorylation depends on the induction of T cell apoptosis. Interestingly, the observed inhibition of ERM dephosphorylation occurred also in the absence of T cell apoptosis, when T cells were stimulated for short periods of time. These data suggest a dual function of azathioprine on T lymphocytes; while long-term stimulation of T cells via anti-CD3/CD28 Abs for 5 days results in azathioprine-mediated T cell apoptosis via caspase-9, short-term stimulation over 3 days via anti-CD3/CD28 Abs blocks T cell-APC conjugation via azathioprine-mediated blockade of the Vav-Rac1 signaling pathway. The latter concept may be particularly relevant for the activated mucosal immune system in IBDs, where numerous bacterial Ags from the gut lumen are known to play a key role (60, 63) and where azathioprine is considered as the gold standard for maintenance of remission and prevention of postoperative relapse (64) . In summary, our data provide novel insights into the molecular mechanism of action of azathioprine and suggest inhibition of the Vav-Rac signaling pathway in T lymphocytes as a molecular target for treatment of autoimmune and chronic inflammatory diseases. Azathioprine-generated 6-Thio-GTP binds to various small GTPases and fails to inhibit binding of Rac1 to its effector PAK. A, Competition of GTP binding to various small GTPases by 6-Thio-GTP. Recombinant GTPases were incubated with radiolabeled GTP ([ 3 H]GTP) and increasing amounts of 6-Thio-GTP followed by analysis of [ 3 H]GTP-bound GTPases. In contrast to Ras, 6-Thio-GTP led to a concentration-dependent suppression of [ 3 H]GTP-bound RhoA, Cdc42, Rab, Ran, Rac1, Rac-2, and Rac-3, indicating binding of 6-Thio-GTP to these small GTPases. B, 6-Thio-GTP-bound Rac1 binds to PAK. Extracts from unstimulated rat hepatoma cells were loaded with GDP (2.5 mM), GTP (250 μM), or 6-Thio-GTP (5 mM) for 15 min followed by immunoprecipitation with GST-PAK and Western blot analysis with Rac1-specific Abs. One representative experiment is shown. Similar data were seen with Jurkat T cells (data not shown). 6-Thio-GTP preloading had no effects on binding of Rac1 to its effector PAK.
FIGURE 2.
GTPase activation assays in activated and azathioprine-treated primary T cells. A, CD4 + T lymphocytes were isolated from peripheral blood and stimulated with Abs to CD3, CD28, and rIL-2 in the presence or absence of indicated concentrations of azathioprine or its metabolites 6-MP and 6-TG for 3 days, as indicated. GTP-bound Rac1, Rac2, Ras, Cdc42, or RhoA was immunoprecipitated as specified in Materials and Methods followed by Western blotting to determine GTPase activation. Treatment with azathioprine or its metabolites led to a reduction of CD28-dependent Rac1 and Rac2 activation, whereas activation of Ras, Cdc42, and RhoA was virtually unaffected. One representative experiment of three to five per GTPase is shown. No marked change in T cell proliferation was noted by azathioprine treatment as compared with unstimulated cells in our experimental system (5432 cpm/10 6 cells vs 5713 cpm/10 6 cells). B, Densitometry of GTPase activation assays. Western blot signals for Rac1, Rac2, Ras, Cdc42, or RhoA were quantified by densitometry. Data are reported as percentage of expression as compared with the signal obtained in anti-CD3 plus anti-CD28-stimulated primary CD4 + T lymphocytes (100%). Data represent average values ± SD of three to five experiments per group. Statistically significant differences (*, p < 0.01; ** , p < 0.001) are indicated. C, Azathioprine and its metabolites 6-MP and 6-TG induce Vav-1 accumulation in anti-CD3-plus anti-CD28-stimulated primary T cells. Purified CD4 + T lymphocytes were stimulated with Abs to CD3 plus CD28 in the presence or absence of azathioprine, 6-MP, or 6-TG for 3 days. Cells were immunostained with Rac1, Ras, RhoA, Cdc42, and Vav-1-specific Abs, as indicated. Confocal microscopy showed that CD28-induced accumulation of the Rac-associated GEF Vav-1 was increased by 6-MP, 6-TG, and azathioprine treatment, whereas the expression of the small GTPases Ras, Rac1, RhoA, and Cdc42 was unchanged. One representative experiment of three is shown. D, Expression of GTPases in T lymphocytes upon azathioprine treatment. Western blot analysis for Rac1, Rac2, Ras, RhoA, Cdc42, and the scaffolding protein DOCK2 in primary T lymphocytes cultured in the presence or absence of azathioprine (Aza), 6-MP, or 6-TG for 3 days, as indicated. Azathioprine and its metabolites did not lead to reduced expression of DOCK2 or the GTPases Rac1, Rac2, Ras, RhoA, and Cdc42. For actin controls, blots were stripped and reincubated with an anti-actin Ab. E, 6-Thio-GTP specifically suppresses Rac1 and Rac2 activation but not activation of Cdc42. Purified CD4 + T lymphocytes were stimulated with Abs to CD3 plus CD28 in the presence or absence of azathioprine, 6-MP or 6-Thio-GTP for 3 days followed by GTPase activation assays. F, Effects of azathioprine on phospho-Vav levels. Primary T lymphocytes were cultured for 3 days with Abs to CD3 or CD3 plus CD28 in the presence or absence of azathioprine as indicated. After Vav1 immunoprecipitation phospho-Vav levels were determined using a phospho-Vav-specific Ab, as specified in Materials and Methods. G, Western blot analysis for Vav. Primary T lymphocytes were cultured for 3 days with Abs to CD3 or CD3 plus CD28 in the presence or absence of azathioprine as indicated. On day 3 the expression of Vav was analyzed by Western blot. H, Rac1 activation assay in the presence of neutralizing anti-cytokine Abs. Primary CD4 + T cells were stimulated with Abs to CD3 plus CD28 in the presence or absence of neutralizing anti-IL-2, anti-IFN-γ, and anti-IL-4 Abs and 6-MP for 3 days followed by Rac1 activation assays. Cytokine neutralization had little or no effect on 6-MP-induced downregulation of Rac1 activation. I, Effects of 6-Thio-GTP on fibronectin-mediated activation of small GTPases. Primary CD4 + T cells were stimulated with IL-2 followed by stimulation with coated fibronectin for 40 min. Subsequently, Cdc42 and RhoA activation were determined. J, Rac1 activation in primary T cells upon fibronectin-mediated activation. Primary CD4 + T cells were stimulated with IL-2 in the presence or absence of azathioprine for 3 days followed by stimulation with coated fibronectin for 40 min. Subsequently, Rac1 activation was determined. Azathioprine and its metabolites suppress lamellipodia but not filopodia formation in primary CD4 + T lymphocytes. A, Azathioprine, 6-MP, and 6-TG do not suppress the formation of filopodial extensions enriched in F-actin in human CD4 + T lymphocytes. Purified CD4 + T lymphocytes were stimulated with Abs to CD3 plus CD28 in the presence or absence of azathioprine, 6-MP, and 6-TG for 5 days. After fixation and permeabilization, F-actin was visualized on cytospins by staining with phalloidin-Texas Red. Staining of cytoskeletal β-actin served as a control. Confocal microscopy showed that CD28-induced formation of filopodia (arrowheads) was not affected by azathioprine treatment. B, Effects of azathioprine on lamellipodia formation. CD4 + T lymphocyteswerestimulatedwithanti-CD3 plus anti-CD28 Effects of azathioprine and 6-MP on ERM phosphorylation and T cell-APC conjugation. A, Purified CD4 + T lymphocytes were stimulated with indicated stimuli in the presence or absence of azathioprine or 6-Thio-GTP for 3 days followed by Rap1 activation assays. Whereas a strong Rap1 activation signal was obtained with Jurkat T cells, no strong signal was found in our experimental system with primary T cells at day 3 of culture probably due to the fact that CD3 stimulation causes transient Rap1 activation only and that previous CD28 stimulation suppresses Rap1 activation, as previously shown by Reedquist and Bos (65) . B, Purified CD4 + T lymphocytes were stimulated with Abs to CD3 and CD28 in the presence or absence of 6-MP for 3 days. Cells were stained with pERM-specific Abs before flow cytometry. One representative experiment of three is shown. CD28 costimulation led to down-regulation of
